Hydraulic and osmotic properties of root systems of 2.5-8-months-old oak seedlings (Quercus robur and Q. petraea) were measured using the root pressure probe. Root pressures of excised roots ranged between 0.05 and 0.15 MPa which was similar to values obtained for herbaceous species. Root hydraulic conductivity (Lp r ; per unit of root surface area) was much larger in the presence of hydrostatic than in the presence of osmotic pressure differences driving water flow across the roots. Differences were as large as a factor of 20 to 470. Roots of the young seedlings of Q. robur grew more rapidly than those of Q. petraea and had a hydraulic conductivity which was substantially higher. Nitrogen nutrition affected root growth of Q. robur more than that of Q. petraea, but did not affect root Lp T of either species. For O. robur, Lp T decreased with root age (size) which is interpreted by an effect of suberization during the development of fine roots. Root hydraulic conductance remained constant for both species. For Q. robur, this was due to the fact that the overall decrease in Lp T was compensated for by an increase in root surface area. Root reflection coefficients (er, r ) were low and ranged between <r sr =0.1 and 0.5 for solutes for which cell membranes exhibit reflection coefficients of virtually unity (salts, sugars etc.). Solute permeability was small and was usually not measurable with the technique. When root systems were attached to the root pressure probe for longer periods of time (up to 10d), solute permeability increased due to ageing effects which, however, did not cause a general leakiness of the roots as Lp T decreased. Hence, values were only used from measurements taken during the first day. Transport properties of oak roots are compared with those recently obtained for spruce (Rudinger et al., 1994) . They are discussed in terms of a composite transport model of the root which explains low root <r, r at low solute permeability and reasonable root Lp^ The model predicts differences between osmotic and hydraulic water flow and differences in the transport properties of roots of herbs and trees as found.
Introduction
In order to meet the demands of transpiring shoots, plants have to be efficient in the acquisition of water from the soil. The hydraulic conductance of root systems has to be sufficiently high, which requires both a reasonable hydraulic conductivity of roots (= hydraulic conductance per unit root surface area) and a large root surface area. On the other hand, roots have to retain nutrient ions (solutes) once taken up into the xylem by active processes. This means that passive losses across the root cylinder have to be low due to a low solute permeability. An 'optimization' of root permeability (water versus solutes) is required (Steudle, 1994ft) which is related to the development of transport barriers, namely, of Casparian bands which prevent the backflow of solutes.
Root water transport also involves osmotic processes, i.e. interactions between water and ion transport. The accumulation of solutes in the root xylem creates osmotic forces which drive some water flow. From roots of herbaceous plants, there is considerable evidence that osmotic pressure differences across the root cylinder cause water flows which are substantially smaller than those caused by equivalent hydrostatic gradients (e.g. caused by transpiration). In part, this is due to root reflection coefficients smaller than unity, which would be the value for an ideal osmometer. In herbs, root reflection coefficients range between a ir = 0.4 and 0.8 (Steudle, 1994a, b) for solutes for which root cell membranes would exhibit reflection coefficients of close to unity (salts, sucrose, mannitol, etc.) . In spruce roots, o, T values are even smaller (cr 5r = 0.2 to 0.3; Rudinger et ctl., 1994) .
In roots of herbs and trees, large differences have been found between hydraulic and osmotic water flows. Gradients in hydrostatic pressure caused much higher water flow than osmotic gradients. Hence, there are also big differences between osmotic and hydrostatic root Lp T . In spruce, differences were as large as two to three orders of magnitude (Rudinger et al., 1994) . Low root reflection coefficients corresponded with big differences between osmotic and hydraulic water flow (osmotic and hydraulic Lp T ). At least qualitatively, the findings have been explained by the 'composite transport model of the root' (Steudle, 1992 (Steudle, , 1994a . During radial uptake of water, the model considers parallel apoplastic and cell-to-cell pathways. An apoplastic bypass of water in the root is possible if Casparian bands are somewhat permeable to water, but are virtually impermeable to ions or if regions lacking Casparian bands contribute to the overall radial water flow (secondary root initials, the very tip of roots; Steudle, 1992 Steudle, , 1994a Steudle et al., 1993) . In terms of the model, a low root a, T as well as differences between osmotic and hydraulic water flow and between herbs and woody species would be explainable. The model also explains variable hydraulic resistances of roots which have often been reported in the literature (Fiscus, 1975; Weatherley, 1982; Passioura, 1988) .
There are several reports on hydraulic properties of tree roots (e.g. Sands et al., 1982; Colombo and Asselstine, 1989) . Usually, the pressure chamber technique (Fiscus, 1975) has been used to measure hydraulic conductances of excised root systems. Effects of phosphorus nutrition and of root age on root hydraulics have been investigated for both herbaceous and woody plants (Radin and Matthews, 1989; Andersen et al., 1989) . In other studies, effects of environmental factors such as drought, high aluminium, or mycorrhizae have been determined (Safir et al., 1972a, b; Sands and Theodorou, 1978; Kruger and Sucoff, 1989; North and Nobel, 1991) . These studies show that nutrients probably act on root hydraulics by affecting root surface area (biomass) and that effects of mycorrhizae on root hydraulic conductivity are small. Root age and suberization play an important role. However, despite these facts, a detailed knowledge of mechanisms of water uptake into tree roots and of how pathways of water would be affected by environmental factors and root development is still missing. Proper quantitative transport models are still lacking. Models should also imply interactions between water and solute (nutrient) flows in the root which are crucial for an understanding of osmotic properties of roots. Measurements of relevant parameters are rare for technical reasons. For example, there is, to date, no rigorous analysis of water relations of tree roots at the cell and root level as they have been performed for herbaceous plants (Steudle and Jeschke, 1983; Steudle et al., 1987; Steudle and Brinckmann, 1989; Zhu and Steudle, 1991) . At the level of entire root systems, there are two recent studies of osmotic and hydraulic properties on spruce (Rudinger et al., 1994) and on some tropical tree species (Tyree et al., 1995) . However, only the study on spruce provides data of transport coefficients (Lp T , a tT ). It would be expected that there are differences between deciduous and coniferous trees. For example, it is known that root pressures of conifers are much smaller than those of broad leaf trees (Kramer, 1983) which may be related to differences in solute permeability, rates of ion pumping, or root reflection coefficients. Also, there are differences in xylem structure which may affect the hydraulic conductance of root systems.
In the present paper, hydraulic and osmotic properties of root systems of oak seedlings grown in sand culture in climatic chambers were investigated. In order to provide some variation in the morphology and extension of root systems, two different mesotropic mid-European species {Quercus robur and Q. petraea) were used. At seedling age, Q. robur grows faster than Q. petraea and prefers wetter and deep-layered soil with a higher nutrient content (Levy et al., 1992) . In order to vary growth rate, the seedlings were grown at a high and a low level of nitrogen nutrition. Besides the root hydraulic and osmotic properties, root biometry was carefully investigated.
Materials and methods

Materials
Acorns of two different species of oak (Q. robur and Q. petraea) were germinated for 4 weeks at 28 °C in a humid chamber on vermiculite soaked with tap water. When the seedlings had attained an above-ground height of 100 mm, they were transferred to sand culture (particle size: 1.5 mm) and grown in growth chambers (day/night rhythm: 15/9 h; 20/18°C). Seedlings were watered three times a week with nutrient solution (composition in mM: K 0.6, Mg 0.3, Ca 0.13, PO 4 0.1, SO 4 0.3; micronutrients in ^M: Mn 3.6, Cu 0.3, Zn 0.3, BO 3 2.4, FeEDTA 140; Lutz and Breininger, 1986) . Seedlings received different nitrogen treatments (0.5, 1.0, and 5 mM N) which was supplied as Ca(NO 3 ) 2 , KNO 3 and NH 4 NO 3 in the molar ratio of 1:2:3 to the nutrient solution. When used in experiments, seedlings were between 100 and 400 mm tall and had developed 4-30 leaves. Stem diameters at the shoot base were 2-8 mm depending on seedling age. Root fresh weights ranged between 2-100g. Root systems were 100-400 mm long.
Root surface area
Root surface area was measured after washing out the sand and subdividing the roots into primary (P) and three different orders of lateral roots (orders 1 to 3). Usually, fourth order laterals were not present. Diameters of primary roots ranged between 4-8 mm, first order laterals between 2.5-4 mm, and second order laterals between 1 2.5 mm. Third order laterals (fine roots) were smaller than 1 mm in diameter. Diameters and lengths of primary roots and of first and second order laterals were measured using a caliper and a ruler. Surface areas of fine roots were determined using an image analysing system as described earlier (Image Analysing Programme, Skye Instruments Ltd., Llandrindod Wells, UK; Rudinger et al., 1994) . For better contrast, fine roots were stained with toluidine blue O.
Measurement of root pressure (PJ and of root hydraulic conductivity (LpJ
Prior to the hydraulic and osmotic experiments with excised root systems, seedlings were well watered by circulating nutrient solution through the soil (sand) for 2-3 h (Fig. 1 ). Shoots were enclosed in black plastic bags for 4 h to prevent transpiration and to establish a positive root pressure so that no air entered the xylem during excision. Shoots were excised with a razor blade leaving a stump of 10-70 mm above-ground. Stumps were tightly connected to a root pressure probe using silicone seals which were adapted in diameter to that of the stem (Fig. 1 ). Seals were 10 mm long to provide a tight connection between probe and stem when compressed by the screw. Compared with herbaceous plants, the problem of an interruption of tracheary elements was low with woody stems (Rudinger et al., 1994; Hallgren et al., 1994) . Nevertheless, it was regularly tested whether or not sealing did cause artificially high axial resistances and if those resistances contributed significantly to the overall resistance. Great care was taken to remove all air bubbles from the measuring system. Air bubbles would have dampened changes in root pressure and would have reduced the sensitivity of the measuring system.
A solution of 0.1 mM CaCl 2 was placed on top of the cut Hydraulic properties of oak roots 389 root surface. It filled part of the equipment (Fig. 1) . The rest contained silicone oil of low viscosity (Type AS4 from Wacker GmbH, Munchen, FRG) so that a meniscus formed between oil and water in the measuring capillary. By keeping the meniscus at a certain position (stereo microscope) steady-state root pressures (P IO ) were established at zero water flow across the root. Water flows were induced either by changing root (xylem) pressure (P T ) with the aid of the metal rod ( Fig. 1; 'hydrostatic experiments') or by exchanging the soil solution with a solution having a different osmotic pressure (/; 'osmotic experiments'). Thus, a water potential difference driving water flow across the root was created either by a change produced inside the probe (P r ) or in the medium (TT°). Characteristic 'root pressure relaxations' were obtained. After a change, the system tended to assume a new stationary state (water flow equilibrium). Rate constants (k^) or half-times (Tf /2 ) of pressure relaxations represented a measure of the rate of water exchange between xylem and medium and were related to the hydraulic conductance of the root system (L r in m ;) s~1MPa~1 which is the inverse of its hydraulic resistance, R r ; Steudle, 1993 Steudle, , 1994a :
The factor APJA V s is the elastic coefficient of the system which was also measured with the root pressure probe by instantaneously moving the meniscus in the measuring capillary of the probe (A V s ) and recording the peak response in pressure on a chart recorder (AP t ). Largely, APJA V s is a property of the root pressure probe (Steudle et al., 1987 . At an extreme, only the fine roots or part of them would be employed in water uptake. To account for the 'composite nature' of root hydraulic conductance, Eq. (2) is re-written as:
Here, the superscript 'i' denotes the different root parts or zones. The real situation is, however, less complicated than it would appear from Eq. (3), since fine roots contributed most (71-90%) to the geometric root surface area (A r ). Therefore, the total (geometric) root surface area was used in this paper to evaluate an 'overall Lp T ' which would have the meaning of an averaged value. It would largely refer to fine roots which are assumed to be the most active in the acquisition of water.
In osmotic experiments it was found that 7*7/2 was much larger than in hydrostatic. This could have resulted from unstirred layers in the soil, i.e. from a long time interval necessary to completely exchange soil solutions. The possibility was tested by exchanging the nutrient solution for nutrient solution containing an osmotic test solute and following the changes in concentration with time at the outlet of the pot with the root system ( Fig. 1) . It was proved that the half-time for exchanging soil solution was much smaller than the half-times of water exchange measured in osmotic experiments (Fig. 2) . In some experiments, hydrostatic A: WI (7*7/2) was estimated from experiments in which the water potential of the soil solution was raised by applying pneumatic pressure to the roots and following the response in xylem (root) pressure using the pressure probe. During these experiments, the pot with the root system was enclosed in a pressure chamber which allowed pressurization (chamber not shown in Fig. 1 ; RUdinger el al., 1994) . With the aid of a tank with compressed air, it was possible to raise pneumatic pressures within the chamber with a time constant which was somewhat smaller than those obtained during conventional root pressure relaxations.
Root reflection coefficients (csj
In osmotic experiments, P r (i) curves should, in principle, be biphasic. A rapid phase of water flow equilibration ('water phase') should be followed by a slower 'solute phase' which indicates a passive uptake of the osmotic solute (Steudle el al., 1987; Steudle, 1993 Steudle, , 1994a . However, with the oak roots investigated here, solute phases were missing in most of the experiments which indicated low solute permeability. Hence, no exact values of permeability coefficients could be given. Reflection coefficients of root (a n ) were determined from maximum changes of root pressure (dP imMX or AP rTnin ) at a given change in the osmotic concentration of the medium (osmotic pressure change, A-n°\ Steudle, 1993 Steudle, , 1994a :
tl-n (4) Fig. 2 . Rate of exchange of soil solution in the pots used to grow oak seedlings and to perform osmotic experiments (volume: II). In the experiment shown, soil (sand) was soaked with nutrient solution which was then changed by nutrient solution plus an osmoticum (first arrow; + 27 mOsmol kg" 1 of NaCI). Increase in osmotic concentration at the outlet of the pot was measured with time ( Fig. 1 ). When concentration was constant, solution was changed back to the original one (second arrow). Half-times required for the exchange of soil solution were 11 s and 7 s, respectively. This is much shorter than the half-times found during osmotic root pressure relaxations ( Fig. 3B ; Tables 2-4). Note that the concentration difference measured at the outlet of the pot was smaller than that in the solution because of a mixing of the solution added with the soil solution. For the calculation of changes of osmotic concentrations, measured values were used.
It was generally valid that the elastic modulus of the xylem (ej was much larger than the osmotic pressure of xylem sap (77,). Hence, the second term on the right side of Eq. (4) could be taken as unity to a good approximation. Because of the low rate of permeation of solutes across the root cylinder, a correction for the solute flow into the xylem during the time between application of solute and minimum (maximum) was not necessary.
Typical course of an experiment
In a typical experiment, roots were connected to the root pressure probe. A steady-state root pressure was established after a few to 20 h. Then the elastic coefficient of the system (APJAV S ) was determined, followed by measurements of hydrostatic and osmotic pressure relaxations. The root system was left on the pressure probe for several days, and measurements were repeated each day. At the conclusion of the experiments with each root system, the stem was cut at the seal to ensure that the hydraulic resistance of the sealing area was much smaller than that of the root. This was indicated by a rapid drop of root pressure to zero upon cutting the xylem and a decrease of half-time of water exchange by at least a factor of five after the cut. Otherwise, the results from that root were disregarded. The evaluation of root transport coefficients (Lp r , o lr ) according to Eqs. (1) and (4) was based on a twocompartment model of the root (root xylem and soil solution separated by an osmotic barrier). The model assumes that axial hydraulic resistances were much smaller than the radial. This was tested by excising a single or a few roots while the root system was still attached to the probe and measuring the effect of excision on the steady-state root pressure and on the hydraulic conductance of the root system (half-times of water exchange).
Results
Root morphology and development
For both oak species, there was no visible infection of roots by mycorrhiza. Under the conditions used for growing the plants, this would probably occur later during root development. Although roots of Q. robur differed slightly from those of Q. petraea, morphological differences between species were small during the first 3 months. Later, Q. robur developed a longer tap root than Q. petraea. Table 1 lists changes in root surface area and fresh weight for two different age classes and levels of N nutrition (low: 0.5-1.0 mM, and high: 5.0 mM nitrogen in the soil solution). It should be noted that under the conditions used (sand culture; climatic chamber), a level of 0.5-1 mM of nitrogen was fairly small, but was sufficient to provide the development of the seedlings (V. Stiller, personal communication). During 5-8 months, roots of young seedlings of Q. robur grew more rapidly than those of Q. petraea. Root growth of Q. robur was more affected by nitrogen than that of the other species. It can be seen from Table 1 that between an earlier (2.5-4.2 and 2.9-4.3 months) and later (5.3-7.9 and 4.7-5.5 months) age, root surface area and fresh weight increased. However, increases were only significant for Q. robur (P = 0.05). For both species, fine roots (diameter Hydraulic properties of oak roots 391 < 1 mm) contributed to most of the root surface area (71-90%; Table 1 ). The contribution of fine roots to the overall root surface area tended to decline with root age and increasing N nutrition, but effects were only significant for Q. robur at low N, and for Q. petraea at a higher age. For evaluating 'averaged Lp T values' according to Eq. (1), the geometric (total) root surface was used.
Typical experiment
Q. robur and Q. petraea showed similar osmotic and hydrostatic responses. A typical experiment is shown in Fig. 3 for a 5.7-month-old seedling of Q. robur. Measurements were carried out over a 10 d period. In the beginning of the experiment, the root system was attached to the root pressure probe. A steady-state root pressure of /^ 0.083 MPa was attained after about 18 h. Then the elastic coefficient was measured (Fig. 3A , trace a). When root pressure was steady again, hydrostatic ( Fig. 3A) and osmotic ( Fig. 3B ) pressure relaxations were performed using NaCl as the osmotic solute. Hydraulic and osmotic responses did not change with the time of the day. During the first day, osmotic relaxations were monophasic, indicating that the solute permeability of the root was very small. However, as time proceeded, responses tended to show some measurable uptake of Surface areas and fresh weights were measured separately for coarse roots (CR = primary roots and laterals of order 1 to 2) and fine roots (FR; laterals of order 3 with a diameter of < 1 mm). It can be seen that fine roots represented most of the root surface area. Roots from the two species were grouped into two similar age classes. Mean values are given ±SD; n = number of roots (trees). Although root area and root fresh weight tended to increase with increasing N nutrition and age, effects were not significant except for Q. robur at higher age (Mest; /> = 0.05; values in columns followed by different letters differ significantly). Different from Q. petraea, Q. robur grew faster during the course of the experiment and growth was significantly affected by N treatment. This is also evident from the absolute values of root surface area and fresh weight gained after 5-8 months. Percentages of contribution of fine roots to total root surface area tended to decrease with increasing age and N nutrition, but effects were only significant for Q. robur at low N, and for Q. petraea at high age. Fig. 3B for osmotic pressure relaxations (day 1, 2, and 5) using NaCl as the osmotic test solute. The example shown in Fig. 3B demonstrates that pressure relaxation curves were monophasic on the first day (no solute flow detectable), but tended to become biphasic later. Compared with hydrostatic experiments, half-times of water exchange uere much longer (water permeability, Lp^ much smaller) in osmotic experiments which indicated a different pathway for water. Reflection coefficients were estimated from maximum changes in root pressure and corresponding osmotic pressure changes of the medium. For NaCl, they ranged between 0.20 and 0.35. At the conclusion of the experiment, the root was cut at the seal to test for a possible interruption of xylem vessels by the sealing procedure (Fig. 3A , traces k and 1). Since TJ 2 decreased by a factor of 4-5 after excision, it was proved that the seal did not rate limit water flow across the root. Note different scales on the time axes of Figs 3A and B. a o io ii a
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solute (Fig. 3B, traces c and e) . This demonstrated that roots changed their transport properties and became more permeable to solutes. However, even under these conditions, solute permeability was still low and half-times of solute exchange long. By contrast to solute permeability, hydraulic conductance decreased during the measurements (half-times increased; Figs 3A, 4B ). This indicated that changes in solute permeability were not caused by a general leakiness, but were an effect specific to solutes. Since the elastic coefficient (AP T /AV S ) increased with increasing age (Figs 3A, 4C) , it is evident that the increase in TJ/2 was not caused by a decrease of the elastic coefficient (Eq. (1)). On the contrary, the increase of APJAV S in part compensated for the decrease of root hydraulic conductance and reduced 77/2-Because of the changes found for different parameters with the age of excised roots, initial (first day) values were used which should have corresponded best to those of the roots in the intact plant.
Hydraulic conductivity
Mean root pressures did not change during root development for either species (Table 2) and ranged between a few tenths of a bar to 1.5 bar. Half-times of water exchange following a change in root pressure (hydrostatic experiments) were as short as a few seconds. Hydraulic conductivities calculated from hydrostatic TY I2 showed that root Lp r of Q. robur was substantially smaller than that of Q. petraea. For the osmotic Lp T , values appeared to be similar, but the evidence here was not as clear (Table 2) . Root Lp T did not change for Q. petraea for either treatment (N nutrition and age), but decreased significantly for Q. robur with increasing size (age) of the root system (Table 2 ). This suggests that there was no direct effect of N nutrition on Lp r . Rather, N nutrition appeared to affect Lp r by stimulating root growth and development. It is remarkable that decreases in root Lp T were not reflected by a decrease of root hydraulic conductance because the decrease in root Lp T was compensated for by the increase in root surface area (Tables 1, 2) . Cutting experiments revealed that the hydraulic resistance of roots was largely determined by radial rather than by axial hydraulic resistances (Fig. 5) . Tables 3 and  4 indicate large differences in the half-times of water exchange (^"2) between osmotic and hydrostatic experiments for both species. Differences were as large as two to three orders of magnitude. They were caused by corresponding differences in root hydraulic conductivity 
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and Lp r (O), respectively). As already indicated by Table 2 , the data presented in Table 3 for individual trees show that for Q. robur, Lp T (W) decreased with increasing age. Again, they suggest that N nutrition did not cause significant changes in root hydraulic conductivity other than via its effect on root growth.
Pressure chamber experiments Figure 6 shows a typical experiment in which responses in root pressure were measured following the application of pneumatic pressure to the soil solution in a pressure chamber. It can be seen that responses in root pressure were fast and similar to those obtained during conventional pressure relaxations (Fig. 3) . However, there was a difficulty with these experiments in that the time required to change the gas pressure in the chamber was not much different from T™ /2 . This was so because the volume of the chamber had to be rather large. Thus, the rise time of root pressure was, to some extent, influenced by experimental problems, and no data of Lp T (H) could be evaluated from transient responses in root pressure during pressure chamber experiments. Hence, half-times found in these experiments should represent an upper limit of 7^/2 of those roots. Figures 6 and 7 indicate that changes in steady-state root pressure were similar to the changes in air pressure applied to the root medium. This result differs markedly from that obtained in osmotic experiments where steady-state responses in root pressure were much smaller than changes of the osmotic pressure of the medium (soil solution).
Reflection coefficient
Permeability of roots to test solutes (KG, NaCl, glycerol, mannitol, sucrose) was low. Usually, there was no permeation detectable during the first 2 d. As root systems aged, permeability increased which could have been due to changes in root structure creating leaks (see Discussion). Although root permeability to solutes appeared to increase during the course of the experiment, there was no such effect on the reflection coefficient (Fig. 4) . There was a fairly high variability in the values of a fr . Within the limits of accuracy, no differences between species and nutrition on a sr could be detected. Nevertheless, the results show that reflection coefficients were low. They ranged from a sr = 0.1 to 0.5 for solutes for which cell membranes exhibit a, values of virtually unity (KG, NaCl, glycerol, mannitol, sucrose).
Discussion
The results show that hydraulic and osmotic properties of oak roots are similar to those of herbaceous species and to another woody species (spruce) which have been measured in the past few years in great detail using the 8.
• Time, t (s) Fig. 5 . Effect of excising a 1.5 mm lateral root of an oak (Q. robur, seedling no. 16) root system grown in sand culture for 7 months on the root's hydraulic properties. Initial root pressure was 0.02 MPa (a, b) and rapidly declined to zero after excision of a lateral of second order (7" 1/2 = 2.6s; (c)). Before excision, r" 2 was 4.5 s, and decreased to 1.2-1.5 s after the cut (e), indicating a considerable leak across the excised root and a high axial hydraulic conductance within the root system. After the cut right at the seal, 7"7 /2 was reduced further to 0.3 s (g), i.e. to a value which was by a factor of 11 smaller than that of the closed root system. (5) 7 (1) 8 (1) 10 (1) 11 (1) 12(0.5) 13(0.5) 14(5) 15 (1) 16 (5) 18(0.5) Steudle 1992 Steudle , 1994a ROdinger et ai, 1994) . However, there are also substantial differences. Compared with spruce, differences refer to the higher root pressure observed in oak. Compared with roots of herbaceous species, oak roots are much less permeable for both water and solutes.
Root pressure
In herbaceous and broad leaved woody species, steadystate values of root pressure have been found to range between 0.05 and 0.5 MPa (Kramer, 1983) . The values reported here for oak are within this range. For conifers, 17 (1) 19 (5) 20 (5) 21 (5) 22 (1) 23 (5) 24 (1) 25 (5) 26 (5) 27 (1) 28 (1) 29 (1) 30 (1) 31 (5 literature values are as low as some 10 cm of water column (some kPa or 10~2 bar). This was also found with the root pressure probe (Rtldinger et al., 1994) . Because leak rates (solute permeability) were low in spruce, low root pressures have been explained by a lower rate of active pumping of nutrients and by the low root reflection coefficient. Absolute values of root a, r are similar for spruce and oak. This suggests that higher root pressures of oak are due to a higher rate of active pumping of nutrients. To some extent, our results suggest that root pressure depended on the leak rate. When the solute permeability increased after several days, root pressure declined (Fig. 4) . However, a decline of active pumping of nutrient ions may have occurred as well.
Hydraulic conductivity
Root hydraulic conductivity of Q. robur measured using hydrostatic pressure gradients was substantially larger than that of Q. petraea, but differences tended to become smaller at higher age (Table 2 ). This may point to differences in root structure between the two species and, namely, to differences in the development of Casparian bands. The hydrostatic root Lp t of Q. robur was similar to that measured with the root pressure probe for young root systems of spruce (Lp r = 6.4 x 10~8 m s" 1 MPa" 1 ; Rildinger et al., 1994) , but was smaller than the value given by Sands et al. (1982) for loblolly pine (1.4xl0" 7 ms~1MPa~I). The latter authors used the pressure chamber technique of Fiscus (1975) . As for oak, axial hydraulic resistances were substantially smaller than radial. It should be noted that the data of Sands et al. (1982) refer to the range of high driving forces and volume flows which should be equivalent to the Lp T found during pressure relaxations as discussed by Rtldinger et al. (1994) . Rildinger et al. (1994) measured Lp T using different techniques, i.e. the root pressure probe (transient water flows) or a pressure chamber (steady-state water flow). Both techniques gave similar results. Summarizing different values of hydrostatic root Lp T of woody species, it appears that they are, on average, smaller by about a factor of 5 to 10 than those found for herbaceous species. The finding correlates with the fact that solute permeability of roots of woody species is also smaller than that of herbs. Roots of woody species appear to be more 'tight' than those of herbs which may be related to differences in the degree of suberization. With the pressure chamber technique a dependence of Lp T on the water flow through the root was found (RUdinger et al., 1994) which has been reported in the literature many times and for different species (Fiscus, 1975; Sands et al., 1982; Colombo and Asselstine, 1989) . In the present paper, driving forces were too small to measure a pressure dependence. It is, however, remarkable that injecting pressure pulses into the xylem at the root base during pressure relaxations revealed similar half-times of water exchange across the root (and, hence, of Lp t ) as during the application of pressure steps to the soil. The finding provides further evidence that, at least to a first approximation, the two- . Typical pressure chamber experiment with a root of Q. petraea. As in Fig 2, the experiment was started with relaxations while the root system was at atmospheric pressure (a). Then a pneumatic pressure step of 0.04 MPa was applied (dashed line) which caused the stationary root pressure to increase rapidly by approximately the same amount. Compared with the half-time of the rise in air pressure in the chamber, the response in root pressure was somewhat delayed. At the higher level of root pressure (b), half-times of relaxations of root pressure were similar to those measured in the beginning. Then pressure was again decreased to atmospheric (c) and increased again in two steps (d) to check for the reversibility of processes. It can be seen that responses were fast. Half-times of water exchange across the root (r; /2 ) were not affected by pressurizing the root system. Half-times of water exchange estimated from the response curves following a change of gas pressure (dP^) were somewhat larger than those for the rise in air pressure in the chamber suggesting that Tf n was mainly limited by water exchange across the root For further explanation, see text.
compartment model may be used to evaluate root transport properties. It should be noted that the values given for Lp T in Tables 2 to 4 refer to the overall (geometric) root surface area. If the 'effective surface area' would be only a fraction of the geometric and water uptake would only take place in younger parts of fine roots, this would increase the absolute value of Lp T when referring to a smaller area. However, fine roots will, probably, take up water across most of their surface area and, since fine roots contribute most of the surface area, the averaged root Lp, given here probably represents a fairly good measure of the hydraulic conductivity of fine roots. The reduction of Lp T observed for Q. robur at higher age would be then simply due to a higher degree of suberization of fine roots.
Nitrogen nutrition did not significantly affect the hydraulic conductivity of roots of both Q. petraea and Q. robur. However, since N nutrition increased root growth of Q. robur, it can not be completely excluded that nitrogen nutrition may have contributed to the reduction of Lp T of this species at higher age. It can be concluded that, for the young seedlings used, N nutrition did not have a substantial ameliorative effect on root Lp T , e.g. by increasing the hydraulic conductivity of root cell membranes as it has been demonstrated for cotton roots (N and P nutrition; Radin and Matthews, 1989) . For roots of ectomycorrhizal Douglas fir seedlings and for seedlings of green ash, root Lp T (per unit root length) increased with increasing P nutrition (Coleman et al., 1990; Andersen et aJ., 1989) . However, for green ash the effect was related to root growth and to biomass distribution between shoot and root. Hence, direct effects of nutrition on cell L p (as for cotton roots) have been excluded as it is also indicated by our data for oak. To work out the different effects of nutrition on root Lp t , it is necessary to measure hydraulic conductivity at different levels (root cell, root zones and segments, fine roots, coarse roots, and root systems). Using pressure probes this is, in principal, possible, but has not yet been done with tree roots.
Differences between osmotic and hydraulic water flow
Besides the low root reflection coefficients (a ir ), the most obvious result of this paper is the large difference between osmotic and hydrostatic Lp T . Differences were as large as a factor of 20 to 470. Certainly, such differences can not be explained by effects of unstirred layers in the soil (which have been checked for; Fig. 2 ) or by unstirred layer effects in the root cortex (Steudle and Frensch, 1989) . Large differences between hydrostatic and osmotic water flow have also been found for roots of some herbaceous species (maize, onion, Steudle and Frensch, 1989; Melchior and Steudle, 1993) , although differences were smaller with the latter. For spruce, hydrostatic and osmotic Lp r differed by a factor of 380 which is similar to what was found for oak. Differences may be due to a change in the major pathway depending on the force applied. They have been explained by the existence of an apoplastic radial path for water in addition to the cellto-cell path, which includes the symplastic and transcellular path (Steudle and Jeschke, 1983) . Hence, there are two parallel pathways and roots should exhibit transport properties of a 'composite' osmotic barrier ('composite transport model of root'; Steudle, 1992 Steudle, , 1994a Steudle Hydraulic properties of oak roots 399 et al., 1993) . In the presence of hydrostatic gradients, the apoplastic path would be quite effective. However, in the presence of osmotic gradients its contribution should be small because the reflection coefficient of the apoplast is very low. If Casparian bands were not completely tight for water, there would be an apoplastic path around protoplasts. A by-pass flow also may occur across secondary root initials (Peterson et al., 1981) , or across young root tips where Casparian bands are not yet developed (Steudle 1992, I994a,b) . Measurements with 'modified' roots support this view Steudle et al., 1993) . In terms of the composite transport model, the osmotic Lp T should largely refer to the cell-to-cell path. Depending on the L p of root cells, the number of cell layers which have to be crossed, and on the degree of suberization, the osmotic Lp T could become quite low.
Axial versus radial water flow
The other important question regarding proper transport models is whether or not the axial hydraulic resistance of the root would also contribute to the overall resistance. If contributions of axial resistances were considerable, the simple two-compartment model used to evaluate transport coefficients would have to be disregarded. Pressure chamber experiments provide some evidence that the model is correct. Moreover, the experiments in which single roots were excised while the root system was attached to the probe (Fig. 5) showed that the axial hydraulic resistance of xylem vessels was much smaller than that for radial transport across the root cylinder. Similarly, severing of the root system at the end of each experiment demonstrated that sealing the root did not affect the hydraulic resistance in the area compressed by the seal. In fact, it was much easier with the woody oak stems to connect the probe tightly to the root system compared with roots of herbs. All these findings strongly support the view that the radial transport of water across the root cylinder rather than the axial movement within the root system were rate-limiting as assumed by the twocompartment model.
Solute permeability and reflection coefficients
According to the lower hydraulic conductivity of oak roots as compared with roots of herbs, one would expect a lower solute permeability of these roots (lower leak rate). This was found indicating, that tree roots are, in general, more 'tight' than roots of herbaceous plants. The results resemble those obtained for spruce (Rudinger et al., 1994) . Usually, no solute phases could be measured with oak roots just attached to the probe. Only after about 2-3 d on the probe were there indications of biphasic responses. This could have been due to alterations in root structure, physiology, or metabolism causing an increased leakiness. Increases in solute permeability correlated with a decrease in root pressure over a period of several days. Interestingly, Lp r did not increase, but decreased, indicating that leakiness was specific to solutes. Estimates of root permeability coefficients (P, T ) after 2-10 d, ranged between 10~1 0 and 10" 8 ms"' which is similar to the P, of cell membranes (Steudle, 1992 (Steudle, , 1994a . For roots of herbaceous species, P, t values of 10" 10 to 10~8 m s" 1 have been found for substances such as NaCl, KNO 3 , sucrose, and mannitol (Steudle et al., 1987; Steudle and Brinckmann, 1989; Steudle, 1992 Steudle, , 1994a . The data indicate that, despite the reasonable hydrostatic Lp r and low reflection coefficients, root systems were sufficiently tight to allow only a minimal leakage of nutrient ions from the stele (xylem) back into the soil. Because transport properties of oak roots changed significantly after prolonged times of measurement, it is concluded that measurements should not be performed for periods of longer than 2 d.
Low reflection coefficients measured for different electrolytes and non-electrolytes appear to contradict the finding of low solute permeability. Reflection coefficients for oak were smaller by a factor of 2-3 than those found for herbaceous species (a Ir = 0.4-0.8; Steudle, 1992 Steudle, , 1994a . This is so despite the fact that the permeability to solutes is even lower than that found for herbaceous species. Effects of unstirred layers which may have resulted in an underestimation of reflection coefficients should have been small. In the experiments, it has been necessary to wait for water flow equilibration for considerable periods of time ( Fig. 3 ; Steudle and Frensch, 1989) . Again, the problem is solved by considering the root as a composite or patchy structure which consists of different osmotic barriers arranged in parallel (Steudle, 1992, \994a,b; Steudle et al., 1993) . Parallel elements are the apoplastic and cell-to-cell path whereby the latter incorporates a transcellular and symplastic component (Steudle and Jeschke, 1983) . Different parallel pathways may also be brought about by the existence of different root zones which should exhibit different transport properties (Lp r , P, T , a sr ). On young primary roots of maize, it has been shown that, during root development, P tT would decrease and a, r increase from the root apex toward the base (Frensch et al., 1996) . Such systems with a 'composite' pattern of transport may exhibit properties similar to those observed, i.e. a low a, r despite low P, T and large differences between osmotic and hydrostatic water flow (for details of the model, see cited literature).
The composite transport model predicts some variability of root Lp^ i.e. the finding of an increase of Lp T with increasing water flow across the root (Steudle, \994a, b) . The significance of the composite structure and transport for the plant is evident. High root Lp T provides sufficient water acquisition which may be adapted according to the demand of the shoot (high root Lp x at high tensions in the xylem). At the same time, roots do not leak ions because of the low root P ST which is largely a consequence of the formation of apoplastic barriers (Casparian bands). Hence, the composite structure of the root may allow for an optimization of transport properties for both water and solutes (nutrient ions). The low root a sr is just a consequence of this structure as discussed.
Conclusions
For root systems of Q. robur and Q. petraea, the same basic principles apply in the measurement of root pressure and root permeability (water, solutes) as for roots of herbaceous plants. However, the overall permeability of tree roots to water and solutes (nutrients) is much smaller than that of herbs. The oak species better adapted to wetter soil and higher nutrient levels (Q. robur) had a higher hydraulic conductivity. During root growth and development, the root Lp T of Q. robur decreased at constant hydraulic conductance. At least for the young seedlings used, there were no indications of a positive effect of N nutrition on root Lp T . From the comparison between oak and spruce roots it is concluded that, although deciduous and coniferous trees differ considerably in the absolute value of root pressure, basic transport properties of root systems are similar. Differences between osmotic and hydraulic water flow and low root reflection coefficients of tree roots are most obvious. They are explained by the composite transport model of the root which appears to have general significance for plant roots. Although they would largely refer to fine roots, the present results for oak as well as those published recently for spruce represent overall values. To work out the 'hydraulic architecture of roots', completely, it is necessary to measure hydraulic properties of root cells, isolated roots or root parts and root tips besides entire root systems (cell and root pressure probe). Anatomical changes during root development would have to be followed besides the transport. Different from conventional techniques, the root pressure probe provides additional information about solute transport besides the water which, in turn, allows deeper insight into transport mechanisms and interactions between flows.
